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Introduction 27
In the environment, for example in atmospheric or sea water, a mixture of different inorganic 28 salts is usually present. Important ions in atmospheric waters include Na + , NH 4 + , SO 4 2- , NO 3   -,  29 and Cl -, originating from both natural (e.g. sodium chloride from sea spray) and anthropogenic 30 sources (e.g. nitrate and sulfate from NO X and SO 2 ). The ionic strength in atmospheric aqueous 31 phases varies with liquid water content, and ranges from 10 -4 M for dilute cloud, fog, and rain 32 droplets to >10 M for deliquescent aerosol particles. 1 Salts are also present in other aqueous 33 systems, e.g. in brine pockets occurring in growing sea ice, in wastewater from the oil and gas 34 extraction industry or in fresh water systems impacted by road salt applications. The presence of 35 dissolved inorganic salt(s) has an effect on an organic compound's partitioning into the aqueous 36 phase, i.e., its solubility or activity coefficient in water. This is known as the salt effect and can 37 be described by the Setschenow equation: partitioning, and eventually compare the effect of individual ions indirectly. Endo et al. 4 and 49
Wang et al. 5 measured the salting out of a large variety of organic compounds from NaCl and 50 (NH) 2 SO 4 solutions, respectively, and developed poly-parameter linear free energy relationships 51 (pp-LFERs) for the prediction of Setschenow constants of these two salts. While these data sets 52 allow for a systematic comparison of the effect of these two salts, data for other salts are sparse. 6- 53 10 In particular, the empirical database is too small to derive information on the relative salt 54 effect of individual ions for a larger set of compounds. Furthermore, except for the group 55 contribution methods based on UNIFAC 11,12 and AIOMFAC 13 which predict activity coefficients 56 of chemical species in inorganic-organic mixtures, no models have been developed specifically 57 for the prediction of the effect for salts other than NaCl and (NH) 2 SO 4 . 58
Little is known about the salt effect in salt mixtures, even though salts are usually present as 59 mixtures. To the best of our knowledge, the salt effect for salt mixtures has only been reported 60 for naphthalene at moderate ionic strengths in binary mixtures of NaCl with MgCl 2 , Na 2 SO 4 , 61 CaCl 2 , KBr and CsBr, 14 for fluorene and thiophene in Na-Ca brines 15 and for glyoxal in 62 (NH 4 ) 2 SO 4 and NH 4 NO 3 mixtures. 10 With respect to whether the effect of multiple salts in a 63 mixed solution is additive, contradictory results have been found. The effect for naphthalene was 64 additive in inorganic salt mixtures, but non-additive if the mixtures contained organic salts. 14 
65
Comparing two salts with one common ion, the effects of salts was found to be non-additive 66 (based on individual ions) for toluene 16 but additive for benzene. 17 Poulson et al. 16 hypothesized 67 that toluene's dipole moment might allow for additional interactions in mixed electrolyte systems 68 that could cause the non-additive effect. However, the presence of a dipole moment in thiophene 69 had no effect on the additivity of NaCl and CaCl 2 Setschenow constants. 15 Clearly, the literature 70 on this issue is inconsistent and no general conclusion can be drawn from the small number of 71 studies that vary in terms of scope, quality and the treatment of uncertainty. Findings are 72 4 generally qualified or their validity is limited to the specific salts and organic compounds being 73 studied. 74
A systematic and in-depth investigation of the salt effect of a large variety of organic compounds 75 in different salt solutions and salt mixtures is essential for understanding organic compound 76 behavior in complex aqueous solutions such as aerosol water, biological systems, brine water, 77 and industrial waste water. This topic has not been well studied despite both practical and 78 fundamental importance. One reason is the difficulty of these measurements. While it is often 79 challenging to accurately and precisely measure the water solubility of organic chemicals, 18 it is 80 particularly difficult to precisely determine the relatively small difference in water solubility 81 caused by the salt effect. It is even more difficult to acquire such data with a quality and 82 precision that allows for an unequivocal assessment of the additivity of the salt effect. The 83 present study thus had the following objectives: (1) to determine and compare the salt effect for 84 different salts; (2) to test the additivity of the salt effect for salt solution mixtures as well as for 85 ions; (3) to develop and compare models for predicting Setschenow constants for different salts. 86 
Methods

87
Experimental Methods
88
We measured K S in solutions of Na 2 SO 4 , NH 4 Cl, and NH 4 NO 3 for the same group of 38 89 compounds with diverse functional groups as studied for NaCl by Endo et al. 4 and for (NH 4 ) 2 SO 4 90 by Wang et al. 5 ( Table 1) . Salt effects in binary salt mixtures of 1:1 mole of NaCl and (NH 4 ) 2 SO 4 91
were measured for selected compounds. 92
The shared headspace passive dosing (SHPD) method and the negligible depletion solid phase 93 micro extraction (SPME) method described in Endo et al. 4 and Wang et al. 5 were used to 94 measure the salt effect for different compounds (see detailed description of the experimental 95 methods in the supporting information). Table S1 in the supporting information indicates which 96 method was used for which compounds. Concentrations of the salt solutions, and the mixture 97 compositions are provided in Table S2 . The salt solutions used in this study were not buffered 98
and their pH at different concentrations is given in Table S2 . While pH might influence the salt 99 effect, it should be minor for the studied salts and organic compounds, because the latter are 100 primarily (>99%) in their neutral form under the pH conditions of these salt solutions. 
We also hypothesized that if the salt effect is additive for the ions in a solution, the following 111 equation should hold: 112 The additivity of the effect of ions can be tested by comparing salts with one common cation or 117 anion. For instance, by comparing the difference of K S between NaCl and Na 2 SO 4 , and between 118 NH 4 Cl and (NH 4 ) 2 SO 4 , we can test whether the effect of a given salt is the sum of individual 119 contributions of the component ions for organic compound j. If individual ion effects are 120 additive, the difference in K S values between two salts with one common ion should be 121 independent of the identity of the common ion. For example, for the same organic compound we 122 would expect the difference in K S between NaCl and NH 4 Cl to be ½ of the difference in K S 123 between Na 2 SO 4 and (NH 4 ) 2 SO 4 . 124
125 6 An alternative approach is to compare whether the salt effect in mixtures of the same amount and 129 species of ions is equal by testing the validity of the following equation. 130 agreement. We note however that the discrepancy between the two methods (∆K S in Table S4 ) is 150 sometimes larger than the reported precision of the K S values (standard error, SE, in Tables 1 and  151 S4), which was derived as described in the Supporting Information. It is thus possible that the 152 random errors as expressed in the SE values in Tables 1 and S4 underestimate the true  153 uncertainty of the reported K S values, i.e. there is the possibility of some bias. 154
In general, linear relationships (with high R 2 and low SE of the linear regression in Table 1 ) 155 between the extent of the salt effect and the salt concentration were observed for all the measured 156 7 organic compounds in the range of salt concentrations used in the study. This indicates that the 157 Setschenow equation (eq. 1) is valid for a wide variety and concentrations of salt solutions and 158
Setschenow coefficients (salting out/in coefficients) are constants up to the highest studied salt 159 concentrations (Table S2) 4 Cl solutions 4-nitroaniline was found to 171 salt in (K S <0); 4-nitroanisole did the same in NH 4 NO 3 solutions. These two compounds are 172 relatively polar, a structural attribute that has previously been identified as causing a low salting 173 out effect. 4, 5 In another study, nitrobenzaldehyde was found to salt into solutions of nitrate salts, 174 which suggests a possible effect of the nitro-group in the non-electrolyte. 21 The NH 4 NO 3 and 175 NH 4 Cl solutions are both acidic, which might alter the electron distribution of the nitro-group 176 and render the organic compounds containing nitro-groups more polar, causing it to salt in under 177 acidic conditions. Others also observed a salting in effect for polar compounds such as glyoxal 178 and amino acids. 10, 22, 23 Other than 4-nitroaniline and 4-nitroanisole, the studied compounds all 179 had positive K S values in different salt solutions. 180
Comparison with earlier studies is difficult due to the dearth of literature data, with only toluene 181 having been previously measured in Na 2 SO 4 and NH 4 Gӧrgényi et al. 7 and Waxman et al. 15 The observation that the salt effect follows a specific order and K S for different salts are 215 significantly correlated suggests that the identity of the salts determines the order of the salt 216 effect (ion-water interaction), while the identity of the organic solutes determines its specific 217 value (organic-water or organic-ion interaction). The K S for a specific compound is largely 218 determined by the salt species' properties. The variability in the effect of different salts has been 219 proposed to be related to the varying structure, size, charge density, hydration and dielectric 220 constant of their constituent ions. 29 To a lesser extent, it also depends on the organic compound's 221
properties. Previous work identified size/volume and polarity of an organic solute as influencing 222 10 its K S . 4-6, 30, 31 The consistent salting order among different salts confirms that the organic 223 molecular size and polarity only change the overall magnitude of the salt effect without greatly 224 affecting the variations among different salt species. 225
The multitude of intermolecular interactions involving various combinations of ions, organic 226 solutes and solvents (usually water) renders the salt effect very complex. As discussed above, the 227 magnitude and direction of the effect of a salt on an organic solute in solution depends on the 228 properties of both salt and solute. Several qualitative and quantitative theories and mechanisms 229 of the salt effect have been presented. While they can explain some aspects of the salt effect, 230 none of these theories appears capable of explaining all of the observations. Long and McDevit 30 231 and Grover and Ryall 29 reviewed those theories thoroughly. In the following, we attempt to 232 explain the relative order of the salt effect for different salts based on some of those theories. 233
According to the hydration theory, the formation of hydration shells around ionic species 234 effectively reduces the availability of free water molecules for solvating organic compounds, 235 thus leading to a salting out effect. The magnitude of the salt effect has been related to the charge 236 density (valency per ionic volume) of the corresponding ions: ions with a bigger charge density 237 have larger hydration shells, and thus exhibit a stronger salting-out effect. 8 A similar theory 238 based on the Born equation 32 relates K S with the square of the charge of the ion (z 2 ) and the 239 reciprocal of the radius of the ion (r). 33 The Born equation calculates the Gibbs free energy of 240 solvation (∆G solv ), i.e. the energy of hydration (∆G hyd ) in the case of water as solvent, which is 241 negatively proportional to z 2 /r. The lower ∆G hyd indicates a stronger interaction of ion with 242 water, thus a higher salting out effect. 34 The sequence in z 2 /r is SO 4 2-> Cl -≈ NO 3 -for the anions, 243
and Na + > NH 4 + for the cations (Table S6 ) and thus follows the same trend as the measured salt 244 effect, except for NO 3 - , which exhibits a lower K S than would be expected based on this theory. 245
The sequence in ∆G hyd from the literature (Table S6) (Table S5 and It is important to recognize that a K S predicted by ppLFER quantifies only the effect of a salt on 292 the aqueous solvation of an organic compound, and can thus not be expected to predict the 293 "effective" salting behavior of compounds that undergo additional reactions within an aqueous 294 salt solution. For example, there has been evidence that sulfate could modify the hydration 295 equilibrium of glyoxal and both ammonium and sulfate may react with glyoxal. 35 A ppLFER can 296 thus not describe the combined effect of hydration, reaction and salt effect that is observed 297 experimentally. Figure S4 . The increments of K S for the 2-ketones are 305 significantly larger than for the alkylbenzenes (p<0.05, analysis of covariance), but in both cases 306 they are in the same order as the general trend of the salting out effect: Na 2 SO 4 > (NH 4 The additivity of the effects of ions in solution was tested through equations (5) to (7), which 315 compare K S for two salts with a common ion. In addition to the 38 compounds measured in this 316 study, literature data were also included for comparison (listed in Table S7 ). Figure 2 plots the 317 terms on either side of equations (5) to (7) against each other (the data are provided in Table S8 ). 318
A data point falls on the 1:1 line, if the effect of ions is perfectly additive for an organic solute. A 319 paired t-test was used to test whether the average of the difference between the terms on both 320 sides of equations (5) to (7) is significantly different from zero. The paired t-test indicated no 321 significant difference between the values on either side of the equations (p>0.05) for the data 322 generated in this study and for all data including literature values, suggesting that there is not 323 sufficient evidence to indicate that the salt effect is not additive with respect to the individual 324 ions. Literature data sufficiently accurate to test additivity with statistical rigor had not been 325 available in the past. Earlier results reported for benzene and toluene had been contradictory (i.e. 326 additive for benzene but non-additive for toluene). 16, 17 Note that the values for any one 327 compound in Table S8 may not indicate additivity, i.e., not all points fall on the 1:1 line in Figure  328 2. This means the additivity of the effect of ions may not apply for all compounds. However, 329 these points do not change the result of the statistical analysis since the t-test is comparing the 330 overall agreement. 
Salting out effect in salt mixtures (1: 1 mole ratio NaCl and (NH 4 ) 2 SO 4 ) measured 358 using the SPME method. The degree of salting out, i.e., log(K 1/salt water /K 1/water ), 359 was calculated from the logarithm of the ratio between GC peak areas of the 360 Figure S5 shows results for the 2-ketones using the SHPD method. Unlike the results from the 370 SPME method, there is no consistent trend in the discrepancy of the calculated and measured 371 K S,mix . Except for 2-hexanone, the observed and calculated slopes are not significantly different 372 (p>0.05), indicating additivity. The observed slope for 2-hexanone is much lower than expected 373 from additivity, which might be partially due to experimental uncertainties. In order to explain 374 the different observations of additivity for 2-ketones using the two experimental methods, we 375 compared the measurements of K S for individual salts in Table S9 . For all the salts except for 376 NH 4 NO 3 , the SHPD measurements always have a higher relative standard error (SE/K S in Table  377 S9). This indicates the SPME measurements for the 2-ketones are generally more precise than 378 the SHPD measurements. The fact that the SHPD measurements indicate additivity more 379 frequently than the SPME method is possibly due to the lower precision of the SHPD 380 measurements. This is because more uncertain measurements are more likely to overlap with 381 values calculated by assuming additivity, leading to no significant difference in the statistical 382 analysis. 383
Discussion of the Additivity of the Salt Effect 384
From a statistical point of view, we found no significant difference between the values on either 385 side of equations (5) to (7) . As a result, for the compounds and salts measured in the present 386 study we cannot reject the hypothesis of an additive salt effect of ions, given the experimental 387 accuracy. However, Figure 2 also indicates considerable differences between different organic 388 solutes in terms of how close to additive the effect of different ions appears to be; some were 389 close to the 1:1 line, other were quite far from that line. For the 2-ketones in salt mixtures, the 390 results were somewhat inconclusive as well: even though the statistical analyses showed non-391 additivity for some compounds, the observed salting out effects in a salt mixture were generally 392 quite close to the calculated values using both experimental methods (Figure 3 and Figure S5 ). 393
It is conceivable that this inconsistency is indicative of real differences between compounds and 394 between salts, as the specific interactions of an ion with an organic compound may vary between 395 ions and compounds. If that is the case, the specific interactions may prevent the extrapolation of 396 the relations found in this study to other compounds and salt solutions. On the other hand, we 397 cannot discount experimental uncertainty as the source of that inconsistency, especially as 398 experimental errors can be compound specific and the investigation of the additivity of the salt 399 effects is particularly sensitive to data uncertainty. The analysis depicted in Figure 3 data from three K S measurements, i.e. the K S for NaCl, (NH 4 ) 2 SO 4 , and the mixture, which all 401 have an error. The analyses depicted in Figure 2 even required measured K S for four different 402 salts. It is noteworthy that panel c in Figure 2 (based on eq. 7) appears to give a clearer indication 403 of additivity than panels a and b (based on eqs. 5 and 6). We believe that this is due to the 404 comparison of larger and therefore relatively less uncertain terms (note that the scales in Figure  405 2a and 2b are smaller than in Figure 2c) . Clearly, the relative error of the difference between the 406 K S of two salts (Figure 2a and 2b) is larger than the error of the sum of the K S for two salts 407 (Figure 2c) . Equation of type (7) may thus be better suited to test additivity of the salt effect of 408 ions than equations of type (5) and (6) . 409
The salt effect is a very complex phenomenon and it is even more complex in salt mixtures. 410
Theoretically, we would expect an additive salt effect in mixtures if the effect of ions is additive 411 for individual salts according to equations (2) and (4). While our experimental data indicate that 412 the salt effect of mixtures may not be entirely additive, the deviation from additivity seems quite 413 small for the compounds and aqueous solutions studied. For most practical applications, it may 414 be justified to assume additivity of the salt effect, as the error introduced by this assumption is 415 likely small relative to the overall uncertainty in the magnitude of the salt effect. 416
More measurements with high quality and precision in salt mixtures for compounds with various 417 structures (or properties such as polarities) are needed in order to unravel the salt effect in 418 mixtures of salts and potential difference between various compounds. We note that for data 419 analysis, especially for testing additivity, K S measurements need to not only be of high quality, 420 but also of known quality. As illustrated in Figure S1 , in a closed glass container, a spiked non-volatile organic solvent was used as a donor phase (i.e. 100 mL olive oil) providing the test compounds to water and salt solutions in small petri dishes (25 mL solution each). The transfer of chemicals from the organic solvent to the aqueous phases takes place via the headspace, which is shared by all individual aqueous phases in the petri dishes in the closed container. At equilibrium, samples of aqueous phase solution were taken through a septum on top of the big glass container. The aqueous solutions were then extracted with solvents and analyzed using GC-MS. The relative difference in the concentrations of the test solutes in the aqueous solutions reflects the degree of salting-out. The values of K S can be calculated using the following equation based on GC peak areas.
where A [salt] is the measured peak area of an organic compound for a given salt concentration
[salt], and K S and c are the slope and intercept, respectively, of the linear regression. The regression analysis was typically performed using at least 12 measured peak areas (four replicates × at least three salt concentrations as shown in Table S2 ). The standard error (SE as shown in Table 1 for each compound) of the slope was calculated to indicate the error in the determined K S .
S3 Text 2 Negligible Depletion Solid Phase Micro-extraction (SPME) Method
In this method ( Figure S2 ), pure water and salt solutions of the same volume receive a constant amount of test compound and a piece of SPME fiber. Organic compounds partition between the aqueous solution and the SPME fiber. At equilibrium, the SPME fibers were then extracted with solvents and analyzed using GC-MS. If the fibers absorb only a negligible amount of compounds and if the headspace volume is small enough, aqueous concentrations remain constant across the solutions with different salt concentrations (i.e. negligible depletion). The relative fiber phase concentrations directly reflect the salting out effects.
Figure S 2
Experiment setup of the solid phase micro-extraction method. K fw is the partitioning coefficient of the organic solute between the SPME fiber and the water phase. The blue color arrows illustrate the transfer of organic compounds between the aqueous solutions and the SPME fiber.
The values of K S can be calculated using the following equation based on GC peak areas.
where A [salt] is the measured peak area of an organic compound in an SPME fiber that was extracted from a given salt concentration [salt], and K S and c are the slope and intercept, respectively, of the linear regression. The regression analysis was typically performed using at least 20 measured peak areas (four replicates × at least five salt concentrations as shown in Table   S2 ). The standard error (SE as shown in Table 1 for each compound) of the slope was calculated to indicate the error in the determined K S . Table S 7 Literature data (K S in L/mol) for pp-LFER comparison in Figure 2 and additivity testing in Figure 3 Table S 9 Comparison between SHPD and SPME Measurements SHPD SPME 2-hexanone 2-heptanone 2-octanone 2-nonanone 2-decanone 2-hexanone 2-heptanone 2-octanone 2-nonanone 2-decanone NH 4 In order to compare salting out effect of the mixtures to NaCl and (NH 4 ) 2 SO 4 , the salting out effect in NaCl and (NH 4 ) 2 SO 4 solutions was shown by the orange and purple circles, respectively. p-values from analysis of covariance were shown for each compound.
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